We demonstrate polyethylene-glycol-coated single-walled carbon nanotubes (CNTs) as contrast agents for both photothermal optical coherence tomography (OCT) and magnetic-resonance imaging (MRI). Photothermal OCT was accomplished with a spectral domain OCT system with an amplitude-modulated 750 nm pump beam using 10 mW of power, and T 2 MRI was achieved with a 4.7 T animal system. Photothermal OCT and T 2 MRI achieved sensitivities of nanomolar concentrations to CNTs dispersed in amine-terminated polyethylene glycol, thus establishing the potential for dual-modality molecular imaging with CNTs.
Preclinical molecular imaging of cancer has the potential to increase the understanding of fundamental cancer biology, elucidate mechanisms of cancer treatment resistance, and increase effectiveness of drug candidates. Imaging tools used for studying the molecular expression of cancer include positron emission tomography, singlephoton emission computed tomography, magnetic-resonance imaging (MRI), photoacoustics, and a number of optical imaging techniques. Each imaging method provides unique levels of sensitivity, depth penetration, and resolution. MRI can provide better spatial resolution anatomical images than nuclear imaging with the ability to extract additional functional information including blood flow and cellularity. However, MRI suffers from poor sensitivity to molecular contrast agents and poor resolution compared to microscopic optical imaging techniques.
Optical coherence tomography (OCT) holds a specialized niche in optical imaging, providing structural information at high resolution (∼1-10 μm) with deep optical image penetration (1-3 mm). Recently, functional imaging instrumentation and dynamic contrast agents have expanded the abilities of OCT to image paramagnetic contrast agents using magnetomotive displacements for combined OCT/MRI studies [1] and plasmon resonant particles both due to increased backscattering [2] and photon absorption [3] [4] [5] . Photothermal OCT of gold nanoparticle contrast agents has been demonstrated both in vitro [3, 4] and ex vivo [5] and offers a particularly sensitive method for detecting molecular expression in biological systems. Photothermal OCT uses an amplitude-modulated laser to perturb the temperature (and therefore index of refraction) surrounding a highly absorbing contrast agent. OCT is then used to locate the contrast agent in three dimensions, independent of the scattering background, with the potential for mapping contrast agent concentration quantitatively.
The depth of OCT imaging is shallow compared to MRI due to optical scattering and attenuation. Combining the strengths of MRI and OCT allows for both gross full body scale molecular expression as well as local cellularresolution imaging at a site of interest (e.g., primary tumor). We present below the novel use of single-walled carbon nanotubes (CNTs) as inherent multimodal imaging contrasts for use with both MRI and photothermal OCT.
CNTs are cylindrically assembled sheets of carbon atoms. In optics, due to efficient optical absorption and fluorescence at a range of near-IR (NIR) wavelengths, CNTs have been used as both an imaging contrast agent [6, 7] as well as a phototherapy transducer for targeted destruction of cancer cells [8] . In MRI, CNTs have been demonstrated as T 2 spin dephasing contrast agents [9] . Of great importance for in vivo translation as a contrast, due to their unique size and aspect ratio, CNTs have been shown to efficiently target and enter cancer cells from intravenous injections, at 15% of the injected dose per gram, making them more promising vehicles for both targeted imaging and therapeutics than spherical contrasts including iron oxide nanoparticles [6, 10] . The surface functionalization chemistry of CNTs for biological targeting is well established [11] , CNT safety and circulation dynamics have been demonstrated for in vivo chronic animal studies [8, 10] , and nanotubes can be filled with or coated in contrasts that increase their optical and magnetic-resonance (MR) contrast capabilities including Indocyanine Green [7] and gadolinium [12] , respectively. Here we demonstrate the potential of CNTs as inherent optical absorption and MR dual-modality contrast agents with photothermal OCT and MRI, respectively.
Single-walled CNTs (HiPCO), with a typical diameter of 1 nm and length of 100 to 400 nm, were noncovalently coated and dispersed in amine-terminated polyethylene glycol (PEG) solution according to established protocols [11] . Amine-terminated PEG was chosen as the surfactant due to its use in surface functionalization chemistry and impact in biocompatibility and circulation time, making the nanotubes analyzed in this Letter the precursor to functionalized particles to be used in targeted biological applications. The optical extinction spectrum of the CNT sample was acquired with a spectrophotometer (Cary 5000) from 400 to 1350 nm [ Fig. 1(a) ]. Spectrophotometry indicated broadband visible and NIR attenuation with sharp localized peaks, indicating CNTs were well dispersed and not aggregated in solution [13] . Liquid samples were prepared with concentrations ranging from 0 nM to 168 nM for analysis (calculated from mass concentration assuming 150 nm length and 170 kDa molecular weight [6] ), with mass concentration of the stock solution assessed by optical density at 808 nm with extinction coefficient of 0.0465 l · mg −1 cm −1 [11] . A commercial OCT system (Bioptigen, Inc.) was altered for photothermal imaging. The imaging system contained an 860 nm center wavelength, 51 nm bandwidth, superluminescent diode source (axial resolution ∼6.4 μm in air), with 8.5 μm lateral resolution and 100 μs integration time. A titanium sapphire laser served as the photothermal beam, which was fiber coupled and integrated with the OCT system via a 50∕50 fiber coupler [ Fig. 1(b) ]. The photothermal beam was tuned to 750 nm and amplitude modulated with a 50% duty cycle square wave at 100 Hz with a mechanical chopper, with 10 mW of power on the sample. OCT and photothermal spot sizes were roughly equal. One thousand consecutive temporal scans were acquired for each A-scan during photothermal beam amplitude modulation. Phase [ Fig. 2(a) ] and magnitude data were extracted from the interference data with a chirp-Z transform. Using a custom Matlab file, phase data were processed with fifth-order polynomial background subtraction to account for signal drift, windowed, zero padded, and Fourier transformed in the temporal direction [ Fig. 2(b) ]. The photothermal signal was set as the fast Fourier transform magnitude at the chopping frequency (100 Hz), and the background signal was calculated as the mean magnitude of the next highest 50 Hz of frequencies.
To test for photothermal OCT signal linearity and sensitivity, 5 μl of CNT sample was placed into a polydimethylsiloxane well (∼150 μm thick) on a microscope slide, covered with a coverslip, and imaged with common path OCT. The photothermal OCT signal was acquired at the base of the sample. The photothermal signal was linear with concentration (r 2 0.99), and the photothermal signal was significantly higher in the lowest concentration sample (10 nM) compared to a scattering control of polystyrene microspheres with μ s 100 cm −1 (p < 0.05) [ Fig. 2(c) ]. It is important to note that the photothermal signal-to-noise ratio (SNR) increases with irradiance and chopping period: therefore, the imaging sensitivity could increase with increased irradiance or decreased chopping frequency [4] .
The ability of CNTs to alter native MRI contrast was assessed with a commercial 4.7 T horizontal bore animal scanner (Varian, Inc.) by performing quantitative T 1 and T 2 relaxometry [ Fig. 2(d) ]. 200 μl CNT samples in nuclear magnetic-resonance spectroscopy tubes were placed into a standard small animal RF coil (38 mm diameter, 33 mm length) and imaged in a 32 mm × 32 mm field of view with 250 μm in-plane resolution and 1.5 mm slice thickness. T 1 -weighted images were acquired using an inversion recovery flash imaging sequence with 5000 ms repetition time, 2.4 ms echo time, 8 deg flip angle, 16 acquisitions per inversion, and inversion times of 50, 200, 800, 2000, and 4500 ms. T 2 -weighted images were collected with a multiple echo spin-echo pulse sequence using 2000 ms repetition time, six acquisitions, 8 ms echo spacing, and 32 echoes starting at 8 ms. T 1 and T 2 maps were calculated by fitting the signal at each voxel across time to a monoexponential model. R 1 ≡1∕T 1 and R 2 ≡1∕T 2 were calculated to generate linear concentration-dependent relaxivity curves. The relaxivity (slope of the concentration curve) of CNTs was 19,945 s
for T 2 contrast and 1152 s −1 mM −1 for T 1 contrast. In MRI, in vivo sensitivity is a function of the SNR and relaxivity of the tissues being imaged, although the concentration necessary to change the baseline relaxivity by 10% is a good estimate of in vivo sensitivity [14] . Assuming a standard tissue T 2 between 50 and 100 ms, the in vivo concentration of CNTs to induce a 10% change in signal, using T 2 imaging, is between 50 and 100 nM.
Two-dimensional images of solid phantoms were also acquired. Low gelling temperature agarose was mixed with either water as a negative control or CNTs to create 2% agarose gels with either 0 or 84 nM nanotube concentrations. The CNT sample was added to two 1 mm capillary tubes via capillary action and allowed to cool at 4°C while covered in parafilm to avoid water evaporation. The capillary tubes were then placed across a 15 ml falcon tube through drill holes and sealed. One tube was placed near the surface of the phantom, while the other tube was placed deeper in the sample. After gelling, the majority of the glass surrounding the superficial capillary tube was removed to leave a bare cylindrical agarose gel of CNTs. The 15 ml tube was then filled with 2% agarose solution until covering the superficial CNT gel and was allowed to gel at room temperature during a 10 min 1000 rpm centrifugation to remove air bubbles.
The phantom was imaged with photothermal OCT using the system in Fig. 1(b) , with the addition of a reference arm mirror. A 1.2 mm lateral B-scan was imaged, and the final photothermal image was average filtered to decrease noise. The same phantom was then imaged with MRI, using the instrument described above. A 100 μm lateral resolution, 1.5 mm coronal slice was imaged with T 2 weighting using a multiple spin-echo pulse sequence with a repetition time of 2 s, 10 ms echo spacing, with 40 echoes and six acquisitions. Phantom images [ Fig. 3 ] confirmed both the capabilities and limitations of each imaging modality. Photothermal imaging was able to discriminate the agarose/CNT cylinder from the scattering agarose background, while the OCT magnitude image could not [ Figs. 3(a), 3(b) ]. Photothermal OCT also allowed for high-resolution targeted imaging, although to a limited depth (1.5 mm). The MR image of the phantom at the 50 ms echo indicates significant signal differences between the agarose and agarose/CNT regions of the image [ Fig. 3(c) ] at all depths, although with in-plane resolution 2 orders of magnitude less than OCT. The nanotube contrast effects with MRI are slightly higher in the image than expected, which is due to an increase in agarose concentration from water evaporation in the capillary tube sample.
We have demonstrated the ability of both MRI and photothermal OCT to distinguish CNTs from background at nanomolar concentrations. Importantly, this concentration is approximately equivalent to that demonstrated for marking cell receptors with systemic in vivo delivery of CNTs [6] and much less than the theoretical [2] and in vitro [15] targeting capabilities of CNTs. This study has shown the ability of a common contrast agent, which is an efficient biological targeting agent, to be sensitive to both functional OCT and MRI, thereby enabling multiscale multimodality preclinical molecular imaging.
